I
n heart failure (irrespective of aetiology) and following myocardial infarction (MI), complex changes in autonomic function are characteristically present. There is an increase in sympathetic outflow to the heart and to the peripheral vasculature and also a reduction in cardiac vagal outflow to the heart. These changes are typically associated with an increase in plasma noradrenaline (norepinephrine), partly a consequence of increased spillover (that is, the release from sympathetic nerve terminals), and partly a result of reduced clearance from the circulation (because of low cardiac output). There may also be regional differences in sympathetic outflow. For example, an increase in cardiac noradrenaline spill over occurs earlier in the course of heart failure than any detectable increase in total body noradrenaline spill over. 1 While these autonomic changes have a short term adaptive effect by maintaining blood pressure, their longer term consequences are maladaptive. They result in increased myocardial oxygen consumption, promote adverse cardiac remodelling, increase the likelihood of malignant ventricular arrhythmia, and the activation of the renin-angiotensin-aldosterone system. The mechanisms of these autonomic changes are complex and multi-factorial. These include altered afferent input to the brainstem, altered central (brainstem) gain, and altered efferent effector mechanisms.
Evidence from experimental heart failure models suggest that there is reduced input from cardiopulmonary receptors with vagal afferents and from arterial baroreceptors. The tonic activity of these receptors in the normal state has a restraining effect on sympathetic outflow from the brainstem; reduced afferent activity therefore promotes sympathoexcitation. Conversely, there is increased activity in those afferents which promote sympathetic outflow from the brainstem, including cardiac sympathetic afferent fibres, and afferents from skeletal muscle metaboreceptors and peripheral and central chemoreceptors. The net effect of this altered afferent input to the brainstem is to promote increased sympathetic outflow and to reduce vagal outflow from the brainstem. There is also altered central gain of the baroreflex, promoting sympathoexcitation. Reduced brainstem nitric oxide and increased angiotensin II appear to play an important role in this change. Finally, there is evidence of altered function of vagal ganglia.
The disturbances of afferent input from arterial baroreceptors and cardiopulmonary mechanoreceptors and of central gain are measurable as a reduced response of heart period (RR interval) to a change in blood pressure (reduced cardiac baroreflex sensitivity (BRS)). A series of elegant studies in an experimental canine post-MI model have suggested that low BRS is a very powerful determinant of susceptibility to ventricular fibrillation during episodes of myocardial ischaemia, and that interventions which increase BRS reduce the susceptibility to ventricular fibrillation. 2 An extensive body of literature now exists in humans suggesting that impaired cardiac baroreflex control and sympathoexcitation are associated with adverse outcome in patients following MI and in those with heart failure. In this review the techniques which may be employed to assess autonomic function in this setting will be described and the evidence base linking these measurements to outcome will then be summarised.
CLINICAL ASSESSMENT OF SYMPATHOVAGAL BALANCE
Measurements of sympathetic outflow to the periphery are useful in research studies (for example, muscle or renal sympathetic nerve activity, measurement of noradrenaline spillover, and clearance using radioactive tracer techniques) but are impractical for routine clinical use. The techniques which have been used clinically focus on the autonomic modulation of heart period.
Abbreviations: ACE, angiotensin converting enzyme; AICD, automatic implantable cardioverter-defibrillator; ATRAMI, autonomic tone and reflexes after myocardial infarction; ASDNN, average of the standard deviation of NN intervals; BRS, baroreflex sensitivity; CI, confidence interval; HRV, heart rate variability; HF, high frequency; LVEF, left ventricular ejection fraction; LF, low frequency; MI, myocardial infarction; RR, relative risk; rMSSD, root mean square successive difference; SDANN, standard deviation of average NN intervals; SDNN, standard deviation of NN intervals; TINN, triangular interpolation of NN intervals; TO, turbulence onset; TS, turbulence slope; ULF, ultra low frequency; VF, ventricular fibrillation; VLF, very low frequency; VPC, ventricular premature contraction Four forms of assessment have been shown to be useful in clinical practice for risk factor stratification (see box for summary):
N Assessment of heart rate (or more correctly heart period) variability N Assessment of cardiac BRS N Assessment of heart rate responses during exercise and during recovery.
N Heart rate turbulence
Heart rate variability (HRV) The variability of RR intervals gives important information about the autonomic control of heart period. This variability may be assessed by time domain, frequency domain, or by non-linear techniques.
Time domain techniques
Commercially available systems are able to distinguish between R waves from sinus beats and those from non-sinus beats. Only sinus beats are included in the analysis. The time interval between consecutive normal (N) (sinus rhythm) R waves is measured by the software and is known as the NN interval. The technique can be applied to long (24 hour) or short recordings. The NN intervals are then used to calculate time domain indices of HRV. These can be divided into statistical and geometric time domain measurements.
Statistical time domain measurement
Standard statistical measurements 3 can be applied to the NN interval dataset to express the variability. The standard deviation of NN intervals (SDNN) is of course related to the length of recording, the longer the recording period the greater the SDNN. The SDNN is usually applied to 24 hour recordings, and if the recording period is shorter this must be clearly stated. SDNN is a frequently used measure.
The standard deviation of average NN intervals (SDANN) is useful for assessing variations in heart period with cycle lengths longer than five minutes. NN intervals are grouped into five minute segments (288 segments in each 24 hour period) and the mean NN interval for each five minute segment is calculated. The SDANN is the standard deviation of these 288 means.
The average of the standard deviation of NN intervals (ASDNN) is useful for assessing variations in heart period with cycle lengths shorter than five minutes. It is the average of the standard deviations of the NN intervals for the 288 five minute segments in a 24 hour period.
The number of adjacent NN intervals which differ by at least 50 ms during a 24 hour recording is known as the NN50. The percentage of adjacent NN intervals in a 24 hour recording which differ by at least 50 ms is the pNN50; this appears to be a particularly good measure of cardiac vagal tone. Each NN interval during a 24 hour recording is squared, the mean of these squared NN intervals is then derived, and the square root of this mean is calculated and is called the root mean square successive difference (rMSSD). 
Geometric time domain measurement
A frequency histogram of NN intervals throughout a 24 hour period is constructed as shown in fig 1. At a standard sampling rate of 128 ms the width of each bin in the histogram is 7.8125 ms. 4 HRV triangular index is calculated by dividing the total number of NN intervals in the 24 hours by the modal frequency in the frequency histogram.
To calculate TINN a triangle is constructed which best fits the frequency histogram (using a least squares technique); TINN is the width of the base of this triangle.
A Lorenz (or Poincare) plot is illustrated in fig 2. A plot of the current NN interval (x axis) versus the subsequent NN interval (y axis) is constructed. In healthy states, the disparity between current and next NN interval becomes progressively greater at higher NN intervals, whereas in disease states (for example heart failure) this is not so.
Frequency domain techniques
Although these techniques can be used for the assessment of both short and long term recordings, frequency domain techniques 3 are particularly useful for the assessment of relatively short recordings (several minutes). These short term recordings provide valuable information about autonomic control of heart period. As with time domain techniques the RR intervals are measured. Dummy intervals are interpolated for non-sinus beats (based on the previous and following beats). Parametric (autoregression) or nonparametric (fast Fourier transformation) techniques may be applied to the data to examine the oscillatory behaviour of heart period. Both techniques produce a power spectral density of the RR intervals. An example is shown in fig 3. On the x axis is the frequency of RR variability (Hz) and on the y axis the power, which is the square of the amplitude (expressed in ms 2 ). When applied to short (approximately five minute) recordings, frequencies between 0.033-0.4 Hz can be evaluated. As shown in fig 3, three prominent peaks are apparent in a healthy subject, in the supine position; a high frequency (HF) peak between 0.15-0.4 Hz, a larger low frequency (LF) peak between 0.04-0.15 Hz, and an even larger very low frequency (VLF) peak between 0.0033-0.04 Hz. The power of these spectra may be expressed either in absolute units or as a proportion of total power (normalised units).
There is little controversy regarding the origin of the HF peak. It principally represents vagal modulation of heart period in response to ventilation (respiratory sinus arrhythmia). However, even in denervated hearts some HF variability may be apparent, especially on exercise, and this is probably caused by the effect of changes in atrial transmural pressure during the respiratory cycle on sinus node automaticity. 5 The origin of LF variability is more contentious. In uncomplicated MI short term recordings reveal a predominant LF and a smaller HF component, with a LF/HF ratio . 2. Originally it was asserted that the magnitude of the LF peak or the LF/HF ratio reflected sympathetic modulation of heart period, but this is clearly incorrect because absolute LF power is reduced in heart failure and during exercise, both situations being associated with elevated sympathetic tone. Indeed, in patients with severe heart failure total power is diminished and there is typically a small or absent LF component and a relatively predominant HF component, with . 60-70% of the power in the VLF range. 6 LF power probably reflects in large part baroreflex modulation of heart period in response to spontaneous changes in blood pressure by both vagal and sympathetic efferent mechanisms. 7 8 The precise origin of the VLF peak is unknown.
During such short term recordings, acquisition conditions must be standardised in order to optimise the quality of the data and to aid in its interpretation. Recordings should be undertaken following 30 minutes of supine rest. Respiratory frequency should be recorded or alternatively, during acquisition, controlled breathing at 12 to 15 breaths per minute should be undertaken (with the aid of a metronome). Relatively high data acquisition sampling frequencies are required (at least 250 Hz and typically 500 Hz or higher).
As noted above, frequency domain techniques may also be applied to longer recordings. During 24 hour recordings an additional spectral peak is evident (below 0.0033 Hz) termed the ultra low frequency peak (ULF). The origin of this spectral peak is controversial. There is some evidence that it is influenced by thermoregulatory mechanisms and by the renin-angiotensin system, but physical activity also notably influences power in this spectral frequency range. 9 During 24 hour recordings LF and HF components represent , 10% of total spectral energy.
In general, HF power correlates closely with both pNN50 and rMSSD, these parameters each providing information about the vagal control of heart period in response to respiration. ULF power generally correlates with SDNN and SDANN, and LF power generally correlates with ASDNN.
Non-linear dynamics
Heart period does not show completely regular periodicity explicable solely on the basis of a linear approach. Non-linear approaches (based on chaos theory) have been applied to the study of heart period and have shown that apparently erratic behaviour may actually be generated by a deterministic system with non-linear structure. These studies have shown that fluctuations in RR intervals may be related to variations that occurred hundreds of beats earlier and that these are dependent on the functional integrity of baroreflex mechanisms. Detailed description of these techniques is beyond the scope of this review, but recent studies have suggested that such an approach may accurately identify post-MI patients at high risk of mortality-indeed they may be more predictive than traditional time and frequency domain methods. 10 Cardiac baroreflex sensitivity BRS provides a measure of the gain of the reflex arc which modulates heart period in response to changes in blood pressure. In fact, the relation between blood pressure and heart period is sigmoid, with a steep central component which is approximately linear, and upper and lower plateaus. In research studies the full sigmoid relation is sometimes delineated, 11 but in clinical studies this is not the case. Unless the full range is explored then a reduction in BRS may reflect either a reduction in gain of the central (steep) component of Figure 2 Lorenz (Poincare) plot. The current NN interval (x axis) is plotted against the previous NN interval (y axis). In healthy subjects there is a notable disparity between the two NN intervals; at longer NN intervals lie low heart rates. This is not so in patients with heart failure. the relation or a change in the operating position towards a flatter part of the sigmoid relation. In general, impaired BRS is associated with reduced cardiac vagal control and with increased sympathetic efferent activity.
As with assessment of HRV, standardisation of conditions is important. Studies should be performed after 30 minutes of supine rest in a quiet environment.
Phenylephrine bolus technique
In the original studies pioneered by the Oxford group, systolic blood pressure was increased by 20-30 mm Hg using an intravenous bolus of phenylephrine (approximately 50-150 mg). Arterial blood pressure was measured using an intra-arterial cannula. RR interval is plotted against the preceding systolic blood pressure for the ramp phase in which blood pressure is increasing, and a linear regression line is constructed. Only those ramps in which the r 2 of the regression lines . 0.85 are included. 12 Generally BRS is calculated from the mean of three such acceptable regression slopes obtained by bolus phenylephrine injections approximately five minutes apart, and is expressed in ms/mm Hg. A typical study is shown in fig 4. More recently intra-arterial pressure recording has been replaced by non-invasive beat by beat blood pressure recordings using devices such as the Finapres and Portapres, which have been shown to provide reliable measurements for assessing BRS. Some studies have examined the gain of the reflex in response to a fall in blood pressure-for example, by the nitric oxide donor sodium nitroprusside. However, recent data suggests that nitric oxide donors may themselves directly modify the gain of the reflex (via effects on arterial distensibility, baroreflex nerve firing, central gain in the brainstem, and sinus node automaticity). 13 The phenylephrine bolus technique remains the gold standard technique, having been used in the major studies linking BRS to prognosis in post-MI and heart failure patients.
Spontaneous sequence analysis
This technique examines the gain of the cardiac baroreflex during spontaneous variations in blood pressure rather than in response to drug induced changes in blood pressure. Noninvasive beat by beat blood pressure (Finapres or Portapres) and ECG are recorded. Commercially available software programs are able to identify spontaneous sequences in which blood pressure and RR interval concurrently increase (up sequences) or decrease (down sequences) for three or more consecutive beats. Linear regression plots of systolic blood pressure against RR interval are then constructed. In most cases systolic blood pressure is plotted against the same RR interval (lag 0), but at higher heart rates it may be more appropriate to plot systolic blood pressure against the subsequent RR interval (lag 1). BRS is calculated from the mean of at least three slopes with r 2 . 0.85. 14 It has been validated against the phenylephrine technique and shown to be more reproducible with fewer test failures, although the absolute values for BRS obtained with the sequence technique are higher than with the phenylephrine technique. 15 A disadvantage of both the phenylephrine and spontaneous sequence techniques is that in patients with very low BRS it may be very difficult to identify slopes during which systolic blood pressure and RR interval are changing concurrently. In these circumstances it may be impossible to measure BRS.
Cross spectral techniques (frequency domain)
Non-invasive beat by beat blood pressure, ECG and respiration are recorded for 5-8 minutes during controlled breathing (typically 20 breaths/min). Power spectral analysis of 256 beat segments of both blood pressure and RR interval are performed using autoregression analysis as described above. Coherence analysis is then used to assess the correlation Figure 3 Power spectral analysis of short term HRV in a healthy control (right hand side) and in a patient with heart failure (left hand side). Note that the y axis range has been reduced 10-fold for patient data in order to aid visual inspection of peaks. If the same scale had been used the plot would be almost indistinguishable from the zero line in the patient. among oscillations in RR interval and systolic blood pressure. The squared coherence function evaluates the phase stability of pairs of oscillations with the same frequency, present in two signals (in this case systolic blood pressure and RR interval). It can range from 0 (no correlation) to 1 (complete coherence). High squared coherence values between variations in systolic blood pressure and RR interval in the LF band reflect an intact baroreflex control of heart period and it is then possible to calculate BRS using the a index, which is the square root of the ratio of RR interval power to systolic blood pressure power in the LF and/or HF bands ( fig 5) . [16] [17] [18] In one recent study BRS estimated from the spontaneous sequence and a index techniques was shown to be similar, but there were fewer test failures with the latter technique. 15 Nevertheless, in patients with low BRS (as in heart failure and post-MI patients), test failure is relatively common because of low squared coherence function. Recently a modification of the cross spectral technique was described called wide band averaging, which has the potential to largely overcome this problem. In this technique the average systolic blood pressure/RR interval transfer function is assessed over a relatively wide frequency band region (0.04-0.15 Hz) without considering the coherence between the two signals. The BRS measurements obtained using this technique were shown to correlate reasonably well with those obtained using the phenylephrine bolus technique. 19 Assessment of heart rate responses during exercise and during recovery A blunted heart rate response to exercise appears to reflect heightened basal sympathetic tone, and may in part be caused by b receptor desensitisation. 20 Chronotropic incompetence is defined as a failure to achieve 85% of age and sex predicted peak heart rate during maximal exercise. 21 Although chronotropic incompetence has been shown to be related to prognosis in population studies, 21 it is less reliable when applied on an individual basis because of a wide standard deviation. The chronotropic response index is the ratio of heart rate reserve used and metabolic reserve used during exercise. 21 The two parameters are linearly related, and in healthy subjects the ratio is approximately 1. An abnormal chronotropic response index is defined as a ratio , 0.8. Unlike peak heart rate it is independent of resting heart rate and of level of fitness.
The reduction in heart rate during the first 30-60 seconds following exercise appears to be principally caused by recovery of parasympathetic tone but subsequently withdrawal of sympathetic tone appears to play an important role. 22 Several population based studies have shown a relation between impaired heart rate recovery following exercise and increased cardiac mortality. For example, in a recent study of over 2000 male patients referred for evaluation of chest pain, a heart rate reduction of , 22 bpm at two minutes postexercise was associated with a hazard ratio of 2.6 (95% confidence interval (CI) 2.4 to 2.8) for total mortality during a mean 7 year follow up. 23 Heart rate turbulence Heart rate turbulence refers to the phenomenon whereby there is an initial acceleration followed by a deceleration of sinus rhythm following a ventricular premature contraction (VPC). This is because when a VPC appears early in the cardiac cycle there is a reduction in stroke volume which leads to an initial baroreflex mediated reduction in vagal outflow. Conversely, stroke volume is increased by the compensatory pause and this leads to a subsequent increase in vagal outflow. 24 The parameter turbulence onset (TO) expresses the relative shortening of RR intervals immediately after the compensatory pause. Turbulence slope (TS) expresses the slope of the linear regression line between RR interval count and RR interval duration during the subsequent lengthening of RR intervals. 25 
PROGNOSTIC SIGNIFICANCE OF AUTONOMIC FUNCTION TESTS IN PATIENTS FOLLOWING MI
Several studies have demonstrated a relation between abnormalities of RR variability or of impaired BRS and adverse prognosis in patients following MI. These studies are consistent with data from a canine post-MI model in which BRS is a potent predictor of the susceptibility to ventricular fibrillation (VF) during myocardial ischaemia. Interestingly, although MI itself substantially reduces BRS, data from this model shows that pre-morbid BRS (that is, before the MI) is also an important predictor of the VF risk during the subsequent studies performed post-MI.
A large study published in 1987 (that is, performed in the pre-thrombolytic era) demonstrated that patients with a SDNN of , 50 ms, measured at an average 11days post-MI, had a relative risk (RR) of mortality during 2-4 year follow up of 2.8 (95% CI 2 to 3.8). 26 In two other small studies published in 1988 and 1992, a low BRS predicted total cardiac mortality and life threatening arrhythmic events respectively. 27 28 However, the strongest evidence comes from the ATRAMI (autonomic tone and reflexes after myocardial infarction) study. A total of 1248 patients with a recent (, 28 days) MI underwent assessment of time domain indices of HRV and of BRS using the phenylephrine technique (with arterial cannulation). The patients were a relatively low risk group (mean left ventricular ejection fraction (LVEF) 49%) and consistent with this, during the mean follow up of 21 months there were only 44 cardiac deaths and five non-fatal cardiac arrests. BRS , ?3 ms/mm Hg and SDNN , 70 ms were both potent univariate predictors of cardiac mortality at one and two years (p , 0.0001 for each at two years). In a multivariate model which included other prognostic variables (LVEF and VPC . 10/hour) both measures of autonomic function remained significant predictors of cardiac mortality (RR 2.8, 95% CI 1.24 to 6.16 for BRS, 3 ms/mm Hg, and RR 3.2, 95% CI 1.42 to 7.36 for SDNN , 70 ms). In younger patients (, 65 years) the combination of LVEF , 35% and either low BRS or low SDNN was associated with a very high mortality rate (RR 11.5, 95% CI 4.86 to 27.1, and RR 5.9, 95% CI 1.41 to 24.7, respectively). Elderly patients were underrepresented in this study and this, together with the lower BRS in this age group, restricted the power of the study to examine the predictive value of BRS in the . 65 age group. 28 In a subsequent analysis of the ATRAMI dataset, the group showed that the combination of non-sustained ventricular tachycardia, depressed BRS, and reduced SDNN was associated with an RR of 22 for cardiac mortality on multivariate analysis. 28 Frequency domain measures of HRV have also been shown to be associated with adverse prognosis. In one study frequency domain HRV was performed on two, five minute epochs (one during the day and one during the night) from a 24 hour ECG recording obtained at approximately two weeks post-MI. Reduced HRV values predicted higher total mortality during 31 months follow up (2-4 fold RR). 29 Non-linear fractal parameters of abnormal HRV has also been shown to be predictive of increased mortality post-MI in a subgroup of 446 patients in the DIAMOND (Danish investigations of arrhythmia and mortality on dofetilide in survivors of myocardial infarction) study. The patients all had LVEF , 36%. The short term fractal scaling exponent 1 was a stronger predictor of both total mortality, arrhythmic death, and non-arrhythmic death than conventional time and frequency domain HRV measures (RR 3.0, 95% CI 2.5 to 4.2) during two year follow up. 10 In an analysis of the ATRAMI dataset abnormal heart rate turbulence measures (TO and TS) predicted subsequent fatal and non-fatal cardiac arrest (RR for the combination of both 1.86, but the confidence interval overlapped zero), but importantly, in a multivariate model which included LVEF, a composite autonomic index (TO, TS, BRS, and SDNN) was associated with an RR of 8.67 (95% CI 2.7 to 27.65) of fatal and non-fatal cardiac arrest. 30 Prognostic significance of disturbances of autonomic tone in patients with heart failure Mortara et al examined the prognostic significance of reduced BRS (phenylephrine technique) in patients with moderate to severe heart failure of ischaemic and non-ischaemic aetiology. BRS was obtainable in 282 of 303 eligible heart failure patients in sinus rhythm. Mean (SD) BRS was 3.9 (4.0) ms/ mm Hg and was similar in patients with ischaemic and nonischaemic aetiologies. On multivariate modelling, BRS , 1.3 ms/mm Hg was significantly associated with total mortality after adjusting for non-invasive known risk factors (NYHA, LVEF, baseline RR interval and peak VO 2 ), but not after adjusting for haemodynamics. Retrospective subgroup analysis suggested that BRS performed better as a predictor of mortality in patients with ischaemic aetiology. 31 In the UK Heart Study, SDNN was found to be an independent predictor of all cause mortality in patients with heart failure (ischaemic and non-ischaemic) and evidence of left ventricular systolic dysfunction (LVEF , 45%). Independent predictors of death because of progressive heart failure were low, SDNN less than the median for the group, 112 ms, serum sodium and serum creatinine. Cardiothoracic ratio, left ventricular end diastolic diameter, the presence of non-sustained ventricular tachycardia, and serum potassium (but not SDNN) were found to be independent predictors of sudden cardiac death. 32 33 In a recent study the prognostic significance of frequency domain indices of HRV in heart failure was assessed. During controlled breathing, eight minute recordings were obtained. In a derivation sample of 242 consecutive patients sudden cardiac death was independently predicted by a model that included LF power (, 13 ms 2 ) and left ventricular end diastolic diameter . 77 mm. In a subsequent validation sample LF power remained a predictor of sudden cardiac death. In this sample, there were two independent predictors of sudden cardiac death during follow up on multivariate modelling-LF power , 11 ms 2 and . 83 ventricular premature beats per hour on Holter monitoring. 34 Effects of drug treatment on autonomic function in heart failure and post-MI Cardiac glycosides have been shown to enhance carotid baroreflex responses to changes in carotid sinus pressure in an experimental model of heart failure. 35 In human heart failure cardiac glycosides have been shown to decrease muscle sympathetic nerve activity and plasma noradrenaline and to increase cardiac vagal control (as assessed by HRV). 36 37 Despite these favourable autonomic effects, digoxin had no effect on mortality in the DIG (digitalis investigation group) trial. 38 A post-hoc analysis of the trial has reported reduced mortality in patients with low serum digoxin concentrations, but increased mortality in those with higher serum digoxin concentrations. 39 It is possible that the effects of digoxin on mortality may represent a balance between favourable neurohumoral consequences versus adverse consequences of increased myocardial cytosolic calcium.
b Blockers have not only a peripheral anti-adrenergic action, but also act centrally to increase cardiac vagal efferent activity and reduce sympathetic efferent activity. In a pig coronary occlusion model, intracerebral injection of propranolol reduced the incidence of VF. 40 In humans b blockers have been shown to increase HRV measures of cardiac vagal control and BRS. [41] [42] [43] These effects would theoretically be expected to be more pronounced with lipophilic b blockers, such as metoprolol, compared with hydrophilic agents such as atenolol.
Angiotensin II promotes sympathetic efferent outflow and reduces cardiac vagal outflow from the brainstem and enhances peripheral noradrenaline release. 44 45 As expected angiotensin converting enzyme (ACE) inhibitors therefore increase BRS and increase cardiac vagal control in both heart failure and post-MI. [46] [47] [48] In one recent study, candesartan had no significant effect on frequency or time domain indices of HRV, but increased BRS in patients with heart failure. 49 Aldosterone infusion impairs BRS and promotes increased sympathetic efferent activity in animals and in man, in part via an action on baroreceptors nerve endings via release of an as yet unidentified endothelium dependent intermediate. 50 51 As expected, spironolactone augments cardiac vagal control in heart failure, 52 perhaps contributing to the beneficial effects seen on mortality in the RALES study.
Low doses of muscarinic antagonists such as scopolamine paradoxically increase cardiac vagal efferent activity 53 and this is associated with increases in high frequency HRV and BRS. [54] [55] [56] [57] Clinical trials are in progress, but in a post-MI animal model scopolamine did not reduce the risk of VF despite improving autonomic function. 55 Importantly, the autonomic tests described retain their prognostic significance in patients on contemporary medical therapies, including ACE inhibitors and b blockers. 32 33 58 Clinical role of tests of autonomic function in post-MI patients and in patients with heart failure None of the tests described have yet entered routine clinical use for risk factor stratification. Should these tests have a routine clinical role? It is certainly the case that they provide information about prognosis which is additional to that provided by conventional markers such as LVEF. Recent studies in patients with asymptomatic left ventricular dysfunction following MI and in patients with heart failure of both ischaemic and non-ischaemic aetiology have shown a survival benefit from the use of automatic implantable cardioverter-defibrillators (AICDs). 4 The financial implications of applying this evidence base are, however, immense. The available evidence suggests that a population of patients at high risk of sudden cardiac death may be identified using HRV and/or BRS techniques. It may be cost effective to target AICD therapy to the subset of patients at higher risk of sudden cardiac death.
The recent MADIT 2 study undertaken in patients with prior MI and LVEF , 30% demonstrated that implanting an AICD significantly reduced mortality, but the resource implications are huge; 17 implants would save one life over two years. 59 Based on an analysis of the ATRAMI database it may be possible to select a group of such patients at high risk of mortality (mainly arrhythmic) and a group at low risk of mortality. In the 157 patients with LVEF , 35% the overall two year mortality rate was only 11.4%. However, the presence of either non-sustained ventricular tachycardia or impaired BRS increased the positive predictive accuracy (albeit to only 20%) with an acceptable negative predictive accuracy (95%). In summary, implementing such a strategy would mean that only 45% of the post-MI patients with LVEF , 45% or , 35% in the ATRAMI database would have undergone AICD implantation, and that the two year mortality in the group not implanted would have been 5%. 34 There are three major caveats to such a strategy. Firstly, the absolute number of events was low in this sample; secondly, these data, acquired in a derivation sample, need to be confirmed in a separate validation sample; and thirdly, only 20% of patients were taking b blockers at the time of assessment of autonomic function. b Blockers increase BRS and in practice b blocker use post-MI is now rather higher than this. The impact of this change on the prognostic utility of BRS is not clear. An additional issue is the use of the invasive phenylephrine technique with arterial cannulation. In the ATRAMI study a subgroup of 454 patients had Finapres recording of beat by beat blood pressure during phenylephrine injections as well as the standard intra-arterial recordings. There was good agreement between the invasive and non-invasive techniques of measuring BRS, and the non-invasive technique provided similar prognostic information. 60 The spontaneous sequence or cross spectral techniques would be easier to use in clinical practice than the phenylephrine technique but produce generally higher measurements and their use for risk factor stratification post-MI has not been established in large studies.
The concept of using autonomic function tests to target treatment to high risk subsets of post-MI patients also receives some support from the results of a prospective substudy of EMIAT in patients with recent MI and LVEF , 41%. SDNN (measured from 24 hour recordings) , 50 ms was associated with a more than twofold RR of mortality during follow up. Low SDNN appeared to predict mortality benefit from amiodarone (although this effect did not quite achieve significance, p = 0.075). 61 In the recent study of La Rovere et al discussed above, 58 in patients with heart failure, LF power , 13 ms 2 and . 83 ventricular premature beats per hour on Holter monitoring were the two independent predictors of sudden cardiac death during follow up. Sixty two per cent of the study population had neither risk factor, and this group had a very low risk of sudden cardiac death (3% at three years). In the 38% of the population with one or two risk factors 23% of patients died suddenly by three years (fig 6) . Importantly, this high predictive accuracy was unaffected by aetiology of heart failure and was still valid in patients taking b blockers. 58 Although this requires confirmation, it suggests that AICDs might be effectively targeted to a high risk subgroup of patients with heart failure.
CONCLUSIONS
A range of techniques for the assessment of autonomic tone have been described. Impaired baroreflex control of heart period, measured in terms of HRV or BRS, is independently associated with adverse prognosis in patients with heart failure and following acute MI. These techniques have not yet entered routine clinical practice. Their major role in the future may be to define subgroups of patients at high risk of sudden cardiac death, in whom AICD would be justified, and equally, defining a larger subpopulation at relatively low risk. Figure 6 Prognostic significance of low frequency power (LFP) in heart failure. Reduced LFP (( 13 ms 2 ) was associated with increased risk of sudden cardiac death in patients with heart failure. On multivariate modelling, reduced LFP and frequent ventricular premature beats (. 83/hour) were the two independent predictors of sudden cardiac death. Reproduced from La Rovere et al, 58 with permission.
